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ABSTRACT A multistage attitude control and momentum management (ACMM) control strategy is
proposed for space stations. The ACMM, which includes closed-loop angular momentum feedback (CAMF)
and torque equilibrium attitude (TEA) tracking, is achieved using the gravity gradient and an aerodynamic
torques. The CAMF is employed as the normal flight mode, and TEA tracking is used to unload the angular
momentum after attitude stabilization. Hence, the angular momentum imparted by the attitude control device
does not need to be unloaded using thrusters during the entire operating phase. The system performances,
especially the relationship between the environmental torques and the attitude, are analysed. The internal
model principle is utilized to suppress the attitude fluctuation during the CAMF mode, and a quintic
polynomial is utilized to realize TEA tracking. The pole placement algorithm, which can obtain the feedback
matrix in the linear quadratic regulator (LQR) without choosing a weight matrix, is introduced to design the
LQR controllers. This approach is demonstrated for a future Chinese space station, and the simulation results
verified the effectiveness of the proposed control algorithm.

INDEX TERMS Attitude control and momentum management, closed-loop angular momentum feedback,

torque equilibrium attitude, internal model principle, linear quadratic regulator with pole placement.

I. INTRODUCTION

As low-orbit spacecraft, space stations are exposed to spa-
tially varying environmental torques [1]. Control moment
gyros (CMGs) are usually utilized as attitude control actu-
ators for space stations due to their ability to amplify
torques [2], [3]. To minimize CMGs angular momentum and
maintain a certain degree of attitude error, space stations
utilize both environmental perturbations and CMGs to seek
torque equilibrium attitude (TEA) during most of the time
in orbit, an approach called attitude control and momentum
management (ACMM) [4]. According to the different control
strategies, ACMM can be divided into torque equilibrium
attitude (TEA) tracking and closed-loop angular momentum
feedback (CAMF).

Three-axis passive stabilization was realized using gravity
gradient torques for early space stations such as Salyut 6 and
Salyut 7 [5]. To desaturate the CMGs angular momentum,
the Mir station let the inertia principal axis be perpendic-
ular to the orbital plane [3]. Hattis [6] advocated momen-
tum management for the first time officially. He reviewed
the key techniques utilized on Skylab and presented the
basis for space station CMGs momentum management.
Kunmar [7] researched the performance of CMGs momentum

management by predicting TEA using a linearized model.
He focused on pitch axis control and achieved good results.
Many studies on TEA employing algebra were undertaken by
Sharychev [8]-[10]. He analysed different mechanical mod-
els and proposed the existence conditions for TEA. Because
this type of open-loop control strategy may cause error accu-
mulations, TEA tracking is difficult for use in long-term
orbital operations.

Shain and Spector [11] developed a three-axis decouple
CAMF controller architecture by first using gravity gradient
torques. B. Wei then demonstrated a new momentum man-
agement controller for space stations. The gravity gradient
and gyroscopic torques are utilized to seek TEA in the
presence of biases and cyclic disturbances [12]. However,
space stations may operate over a wide range of pitch angles,
which contradicts the small-angle assumption and could pro-
duce system instabilities. To solve these problems, periodic-
distance accommodating control was investigated by
Warren et al. [13] for asymptotic momentum management,
and the proposed controller employed quaternion feedback
control. It was shown that a linear quadratic regulator (LQR)
synthesis technique is robust over a wide range of pitch
angles. Sunkel and Shieh [14] presented a multistage design
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scheme for determining optimal attitude control and momen-
tum management for the space station. However, he still
assumed uncoupled roll/yaw axis and pitch axis dynamics
to undertake the controller design.

Afterwards, an improved algorithm model based on a
three-axis coupled model was developed by Harduvel [15].
Those studies could have been more successful if the large
angle situation had been considered and if a high order matrix
Q had been avoided when constructing the state feedback gain
matrix by solving the Riccati equation. More recent studies
have been undertaken by Zhu and Xu [4]. She converted the
nonlinear system to a linear structure with state dependent
coefficient matrices and needed to minimize a quadratic-
like performance index. However, to trade off computation
load and attitude control, the state-dependent Riccati equa-
tion was calculated online using a computationally efficient
technique [16], which is difficult to be applied in practice.

However, space stations must fly under attitude stabiliza-
tion for approximately 10% of the operational period during
orbital rendezvous and docking [17], [18]. Obviously, this
attitude stabilization mode will lead to the continuous accu-
mulation of CMGs angular momentum. Therefore, CMGs
angular momentum must be unloaded using thrusters before
the space station control mode is switched from attitude sta-
bilization to CAMF, which is costly and will impact scientific
experiments, especially microgravity experiments [19], [20].

This paper presents a multistage attitude control strategy
for space stations that consists of CAMF and TEA track-
ing. We obtained the constraint conditions by analysing the
dynamic characteristics of a linearized three-axis coupled
model. To design the CAMF controller, we introduced filters
in the state-space equation to suppress the attitude fluctuation
caused by disturbances. Before the control mode switches
from attitude stabilization to CAMF mode, TEA tracking
is used for the CMGs angular momentum unloading. The
attitude maneuver path is planned using a quintic polyno-
mial, and the attitude maneuver control model is obtained
by transforming the nonlinear system to a linear double-
integrating system. This TEA tracking design, which utilizes
environmental torques to unload CMGs angular momentum,
is presented for the first time. Moreover, this attitude control
strategy can avoid propellant consumption and maintain the
microgravity environment. For both CAMF and TEA track-
ing, LQR controllers are designed, and a pole placement
algorithm is introduced to obtain the feedback matrix with-
out choosing a weight matrix. We establish accurate orbit,
gravity gradient and aerodynamic models to analyse system
robustness.

Il. SPACE STATION MODELING

A. NONLINEAR MODELS OF SPACE STATION DYNAMICS
We define three coordinate systems to describe space
station motion: body frame Opxpypzp, local-vertical local-
horizontal (LVLH) frame O,x,y,z, and inertial frame
O;x;yizi. In the LVLH frame, the z,-axis points towards the
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earth (mass centre), the x,-axis lies perpendicular to the
Zp-axis in the orbital plane, with its positive axis in the direc-
tion of the velocity vector, and the y,-axis is perpendicular
to the orbital plane, completing the right-hand orthogonal
system. The body—fixed coordinate frame and inertial frame
overlaps with the LVLH frame at the initial time.

The nonlinear dynamic equation of the space station in the
LVLH frame can be written as

165 + 10 + @ x Il = TO TE+ T (1)

where @, is the absolute angular velocity expressed in the
LVLH frame, w, is the angular velocity of the LVLH frame
expressed in the LVLH frame, and the right side of the equa-
tion is the total torque acting on the space station, including
the output torque of CMGs T¢, gravity gradient torque TZ,
and aerodynamic torque T9. I represents the inertia matrix
expressed in the LVLH frame:

1° = cprbct 2

in which I? is the inertia matrix of the space station expressed
in the body-fixed frame:

I Iy —Ii3
I"=| -1, In —hs 3)
Iz —Dh3 I3

The attitude of the space station is defined as the orienta-
tion of the body-fixed frame with respect to the LVLH frame
and is written as § = [(p DAY, ]T, where ¢, ¥ and y are the
roll, pitch and yaw angles produced through a 3-1-2 rotation
sequence. The transformation matrix from the LVLH frame
to the body-fixed frame is defined as

cosy + spsdcy —sdce

cteyr — spsvsyr
ch = cocyr SQ

0 —syrce

svcy + spsyet sUsy — spctcy cpct
4
where s £ sin, ¢ £ cos, and C) = [Cz]T. The gravity
gradient torque is written as
T)=3u/R (a’ x I°a’) (5)

where p is the gravitational coefficient of the earth, R is
the distance between the earth’s mass centre and the space
station’s mass centre, and &’ = [0 0 —1 ]T is the unit vector
from Earth’s mass centre to the space station’s mass centre,
expressed in the LVLH frame. Given that the space station
has a near-circular orbit, R can be treated as a constant, which
means the orbital velocity w, is constant too. We then have
w/R? ~ 2. Substituting (2) and (3) into (5) yields

T9 = 30} (oc” x C,”,I”Cﬁa”). 6)

The aerodynamic torque described in the LVLH frame is
generally estimated using the following expression:

TS = 0.5pCpV7Ar° x VO (7
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where p is the atmospheric density, Cp is the drag coefficient,
V., is the atmospheric velocity relative to the space station,
A, is the effective incidence area, and r° is the vector from
the centre of mass to the centre of pressure expressed in the

LVLH frame, which can be written as r’ = Cgrb , where r? =

T,
[r2 rb rP]" is the vector from the centre of mass to the centre

of pressure expressed in the body frame. V? is the unit vector
of the atmospheric velocity expressed in the LVLH frame.

The attitude kinematics of the space station can be
described as

a)lljo —Ysdc + gct
) | = Vst + 0 (8)
a)zo Yepch + s

0} = @, + Chw); )

T . .
where wi . = [wz " a)z " a)z 0] is the angular velocity of the

body-fixed frame relative to the orbital frame with compo-
nents taken in the body-fixed frame, and "’Zi is the absolute
angular velocity of the body frame relative to the inertial
frame with components expressed in the LVLH frame.

The CMGs dynamic is expressed in the orbital frame as
TS = —wf x h? —h (10)

c

o
c
where h is the angular momentum of the CMGs described
in the orbital frame.

B. LINEARIZATION OF THE MODELS

To obtain the linearized model of the space station’s motion,
we assume that the body frame deviates from the LVLH
frame by small angles. The transformation matrix Cg can be
simplified to

Cb~E — (0] (11)
where E is the unit matrix, and []* represents the vector

cross product. The linearized expression of I is obtained by
substituting (11) into (2) and restraining the first-order term:

I°~I°+0 xI°—1°x 0 (12)

The linearized equation for the gravity gradient torque can
be obtained by substituting (12) into (6) and retaining the
first-order terms:

, (I33 — I2) =1 113 (4]
T; = 3w, ~I2 (Iiz—I1) I || 9
0 0 0 )
I3
+3w) | =Nz | (13)
0

The gravity gradient torque can be divided into attitude-
dependent and attitude-independent terms, and the attitude-
dependent term can be used for momentum management.

To obtain the linearized attitude related terms for the aero-
dynamic torque, we assume that V, is a constant and that
Ve=[-10 O]T is a constant vector, and the atmospheric
density is assumed to change with time in sinusoidally. When
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the space station is flying in an earth-oriented flight atti-
tude, the solar arrays should track the sun. The effective
incidence area A, in (7) can be generally divided into an
average part and cyclic components. Based on the above
assumptions, the aerodynamic torque can be divided into the
attitude related term and T':

0 0 07][e

T~ ty t 0 O |+ Ty (14)
—t. 0 t v
where
27 /@,
tr = 0.5CpV2rl (wy/27) pApdt

21 [w,

ty = 0.5CpV2rt (w,/27) / pA,dt (15)

r-y 0
27 [wo
t, = 0.5CpV2Arl (w,/27) / pApdt
0

The angular momentum of the space station in the orbital
frame H{ can be described as

H = I, (16)

Upon further analysis, we find that the angular momentum
of the space station can be divided into a time-varying compo-
nent and a constant component (gyroscopic coupling item):

H°=H,+ AH® (17)

To make AH{ = 0 when the LVLH frame over-
laps the body frame, the constant component is defined as
H) =1 b°.. Note that the inertia matrix is expressed in the
body frame and that @, is described in the orbital frame.
By combining (13), (14), (16) and (17), the dynamics of the
space station described in (1) can be rearranged to

AH?: —wgixAH§’+TZC+Tg+TZ—wgixfIg
+302 [y —Is 0]" (18)

where
30)3 (I33 — I20) —3605112 360%113
T = | —ty—3wiy 3023 —D1)+t  3wibh;
—1; 0 Iy
@
x| 0 (19)
14

The attitude related environment control torques 7', in
the above equation are obtained from (13) and (14). More-
over, T9. is very significant to momentum management
because it determines which environmental torques will be
utilized for attitude movement. Obviously, no gravity gradi-
ent torque related to attitude can be produced in the yaw axis
for momentum management, and the aerodynamic torque is
much smaller than the gravity gradient torque. Therefore,
it is difficult for the space station to offset the disturbance
torque in the yaw direction. To solve this problem, the roll
angle will be used to offset the disturbance torque in the yaw
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axis. Additional details will be discussed in the next section.
To obtain the linearized attitude kinematics, we assume that

owl ~ @ (20)
1) = (1”)71 16 x (1b>71 - (1”)71 x0 (21)

The attitude kinematics can be linearized by substituting
(9), (17), (20), and (21) into (16) and restraining first-order
term:

0= [(1”)_1 xH — [0]*] 0+ (1”)_1 AH®  (22)

IIl. DYNAMIC CHARACTERISTIC ANALYSIS

A. ATTITUDE CONTROL AND MOMENTUM

MANAGEMENT ANALYSIS

Before analysing the ACMM model, we should determine
which form of disturbance causes CMGs momentum accu-
mulation and which form of attitude manoeuvre could avoid
CMGs saturation. To obtain a constant disturbance in the
inertial frame, the aerodynamic item unrelated to attitude
in (14) is expressed as

TS, asin(w,t) + b cos(wyt)
TS = Ty"0 + Ty”1 sin(wot + @y)
TS ¢ sin(wyt) + d cos(w,t)

T?, s%n(2a)0t + @2x)
+ | T}, sinQoot +¢2y) | (23)
T% sinuw,t + ¢2;)

T. . .
where T9) = [ T3 Tyo Tg | is constant in the orbital frame,
a,b,c,d, and T" are constant coefficients, ¢, is the phase

of the pitch at frequency wo, TG, = [TH T}y T ]T is the
coefficient of 2w,, and @) = [ @2x @2y @2: ]T is the phase

of 2w,. Assuming that the gravity gradient torque and the
aerodynamic torque are fully absorbed by CMGs, we have

T,+T, = ~T! (24)

The angular momentum of CMGs in the inertial frame can
be obtained from (10):
= —Clw? x h® — C'h, (25)
Obviously, the constant disturbance expressed in the iner-
tial frame could cause CMGs angular momentum accumu-
lation. Namely, the constant disturbance expressed in the
inertial frame should be offset by extra torques such as the
gravity gradient torque and aerodynamic torque. The pitch
axis in the LVLH frame can be regarded as an inertial axis,
and the roll /yaw axes are rotating around the pitch axis at
the orbital frequency. We divide the disturbance into two
components: that perpendicular to the orbital plane part and
the component in the orbital plane. Because a disturbance
in pitch can be offset by a constant bias in the pitch axis
according to (19), we assume that AH? (2) = 01in (18), and
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hence the dynamics of the space station in the pitch axis can
be rewritten as

(—ry — 3w§112) 0+ [3w§ (I3 — 1)) + rx] 9
+3wpl3y + T9, =3wihs  (26)
Ignoring the impact of the coupling effect between roll/
yaw and pitch, we decouple the pitch axis from the yaw/roll

axes. The TEA in pitch can be estimated using the following
equation:

b0y = (T — 302013) / [302Un — ) — 1] @D

The following analysis will show that the attitude error
in yaw can be held to zero by the roll axis undergoing a
sinusoidal motion at the orbital frequency. The estimated
error in pitch caused by the decoupling is very small.

A
Zl
B Operating
dxz0 . .
orientation
xi

»
>

0
xO
FIGURE 1. Constant disturbance in the orbital plane.

To make the explanation more visual, the constant dlstur-
bance in the orbital plane is illustrated in Fig. 1. The vectorAB
represents the orientation of the constant component of the
disturbance torque Tfi in the orbital plane, and « is the angle
between T’ iixz() and ox'. The inertial and LVLH frames overlap
at the initial time. The angle between x,, and x; is w,t at time 7,
and the transformation matrix from the LVLH frame to the

inertial frame is defined as

' coswy,t 0 —sinwyt
C) = 0 1 0 (28)
sinw,t 0 COS Wyt

To obtain the constant component of Tfj in the inertial
. T
frame, T, = [TxO Ty’0 T ] , we need to express the orbital

frequency component of T9 4 in the inertial frame and retain
the constant term:

0.5(b — ¢)
Thy =174 (29)
0.5(a +d)

This means |Tfisz| = 0.5J/(b — ¢)> + (a + d)? is deter-
mined by the phases of T at the orbital frequency, and

o = arccos [0.5(0 — &)/ [Ty (30)
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The disturbance in the orbital plane shown in Fig. 1 must
be offset by the roll/yaw motion. However, the aerodynamic
torque is very small, the yaw motion can produce very limited
torques according to (19), and we utilize the roll axis motion
to produce a control torque in the orbital plane and keep the
attitude stable in yaw. When the space station operates in the
orbital arc 1@, the roll should produce a control torque in
the opposite direction of the roll axis to offset the disturbance
in the orbital plane. Similarly, when the space station is
operating on the orbital arc BA, the roll should produce a
control torque in the positive direction of 0,x, to offset the
disturbance in the orbital plane. In this case, the roll axis will
undergo a sinusoidal motion at the orbital frequency.

For example, if (/33 — I2) > 0, and ¢ < 0, the roll axis
will produce a torque in the minus 0,x, on the orbital arc AB,
and the component of the environmental control torque T, =
[Te"cx Toey Ter, ]T in (19) in the roll axis at any time used to
offset the disturbance is

T =3w, (I3 —In) g 31)
where
@ = —ky cos (wot — a) sign (I33 — I22) (32)

ky > 0, and sign(.) is the signum function.

Similarly, the roll axis will manoeuvre to ¢ > 0 on the
orbital arc 1/5’1\4 and therefore no angular momentum will be
accumulated in the vertical orientation of T&xzo by symmetry.
The absolute in-plane value of 7' is

21 [wo
= ’(wo/Zn) / T? cos(wot —a)dt| (33)
0

i
‘ dezO

ky is solved using (31) and (33), and upon substitution
into (32),

(pz_(’Tiisz

/ ’1.50)(2) (I33 — IZQ)D
x cos (wot — a) sign (I33 — Ip)  (34)

Based on the above analysis, we find that the pitch angle
retains a constant bias when the roll performs circular motion
at the orbital frequency. All of the disturbances, with the
exception of the constant component in the inertial frame, will
be absorbed by CMGs. To reduce the error between the actual
system and the nominal system, the attitude angles should
be as small as possible, and the correlation coefficient of the
environmental torques should therefore meet the constraint
conditions

{|3w3(1u —I33) — 1| >0 5)

30, (133 — I122)| > 0

B. ATTITUDE PATH PLANNING

The space station needs to maintain stability during ren-
dezvous and docking, which will cause an accumulation of
angular momentum. If we switch the control mode to CAMF
without unloading the angular momentum, the system may
shake or even become unstable. We use TEA tracking to
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unload the angular momentum accumulation caused by atti-
tude stabilization, and TEA tracking is achieved by attitude
path planning.

As analysed above, the angular momentum of CMGs
can be unloaded by an attitude manoeuvre in the roll and
pitch axes, and the attitude path can therefore be defined as
0, = [(pd V4 O]T. The attitude path, whether in the roll
axis or pitch axis, can be divided into three parts: manoeu-
vring to desired attitude, attitude maintaining and manoeu-
vring to zero-attitude. The attitude manoeuvre process is
shown in Fig. 2.

s2

FIGURE 2. Time allocation schematic of attitude manoeuvre.

We utilize a quintic polynomial to plan the attitude path,
which ensures angular and angular velocity continuity. For
the pitch angle,

kyt [(2 — 1) +ay (t — t)* + by (t — t1)3]

H<t<ntb
Vg=1% bh<t<ts
ko [(t — 13)° + ayo (t — 13)* + by (t — 13)° ] + 01
nB<t<ly
(36)
where
ky1 = 601/t kyo = —691 /13

ay1 = — (5/2) ty
by = (5/3) 12

s1°

ay =—(5/2)13
by = (5/3) 13
¥ is the steady state attitude, which can be estimated using

the initial CMGs angular momentum and attitude related
coefficient:

0 = [wohle, 270+ T4 |/ [303 — ) = 1] 37

where n = tyw, /27 is the number of orbital periods used to
unload the CMGs angular momentum, which can be set based
on the situation.

ket [(t —101)° +ax (t — 1) + by (¢t — 11)?]

—ky cos (wot — &) sign (133 — I2)

e = ko [(t = 13)° 4+ axa (t — 13)* + byo (t — 13)°
+ex (t —13)]l+¢2
H<t<n
h<t<it3
B<t<ty (38)
where

ket = 0.01/13,
ay1 = (—300¢1+100t5191 — 2) t51
by = (1 +400¢; — 1001‘51‘?1)1}217
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ke = 0.01/23,
ay» = (300¢; + 2001397 — 2) 13
by» = (1 — 400¢; — 3001,3¢) 12
exa = 100t2¢n

@1 = —ky cos (woty — o) sign (I33 — I22)

. (39)
@2 = —ky cos (wot3 — a) sign (I33 — I22)

ky is the maximum steady state attitude, which can be esti-
mated using the initial CMGs angular momentum and attitude
related coefficient:

ke = |woht,./ 2n) + ijzdol / [1.50)3 (Is3 — 122)] (40)

Because the angular momentum of CMGs in the orbital
plane, hfwxz, is generated using the constant disturbance in
the orbital plane, T'_, it is reasonable to assume that k. is
parallel to chz 40> Which means the phase angle « in (39) is the
same as the phase angle shown in Fig. 1.

NOTE I: The attitude path planned in this part is based on
the dynamic characteristics and CMGs angular momentum
that needs to be unloaded. The effect of unloading depends
on the accuracies of the models, especially the disturbance
model, and it is therefore difficult to unload the CMGs angu-
lar momentum to precisely zero.

IV. CONTROLLER DESIGN

A. TORQUE EQUILIBRIUM ATTITUDE TRACKING

Because of the large angles in attitude manoeuvres, the lin-
earized model cannot be used to design the TEA tracking
controller. The nonlinear dynamic model of (1) is expressed
in the body frame:

. +b
IPap + 1"} + oy x I’0), = T2+ Th + T, (41)
Taking the derivative of (9),

@), = 00 +f, (42)
where
c® 0  —cesv
=] 0 1 )
s 0 coct

[ 1s a function that is related to the angles and angular
velocity (43), as shown at the bottom of this page.

By substituting (42) into (41), the double integral model is
obtained:

6=U (44)
where

—1
U= (') [T04+T04+To -0l x I}, — 1%, | @5)

To obtain the track error, define
A =0,—6 (46)

Taking the derivative of (46) twice and substituting (44)
into the result yields

AG=6,-U 47)

Choosing the state values x = [ A@ Af]" and combining
(44), (46) and (47) yields

xz=[g ﬁ]m[g}uz (48)

where up; = éd — U, and
u; = —Korxy 49)
We can obtain the CMGs control torque from (45):
" = (IbCD) U—T: T+ ol x "0 + I°f .

Feedback matrix K, can be obtained using the linear
quadratic regulator with the eigenvalue placement algorithm
presented in section IV, part C.

B. CLOSED-LOOP ANGULAR MOMENTUM FEEDBACK

The attitude error and CMGs angular momentum should
be constrained simultaneously in CAMF. AH¢ contains the
information about the angular velocity, hence the CAMF
model is completely described by (10) (18) and (22).
We choose the augment state variables asx = [ AH? 0 h? ]T
and rewrite these equations into the form of the state space
equation:

X1 =Ax; —i—B]TZ—i-BWW

50
u = —Kix; (50)
where
_[“’Zi]x Aty 0
A = (Ib)_l Agp 0 )
0 0 —[e]"
B=[E o -E|", B,=[E 0 0], and
_, I
w=T9+H, +32| —I13 |,
0

Ay = [(ﬂ’)_l xH — [0]X}.

To reduce the disadvantageous effects of disturbances on
the attitude and allow the space station to perform the desired
motion mentioned, we suppress the disturbance using the
internal model principle [21]. The internal model applies to

—@s9 — Dot + ¢Prsestd
. eyep
oot — @Yrspct — P repst

fo=

+ wy X

15080

—pcpstcy + 0 (sz9s1.p — spcdcy) + ¥ (spsOsyr — chcyr)

Vs + @spcyr (43)

peped ey — 3 (spsdcy + cOsy) — r (spcd sy + sdcy)
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’

X7 X X, X .
§I- 6 W |

il B

-K, <

FIGURE 3. System structure of CAMF.

linear or weakly nonlinear systems. The necessary condition
for ensuring the stability of the system shown in Fig. 3 is that
the basic system (the red part in Fig. 3; (50)) is stable [22].
Fortunately, we have analysed the controllability of the basic
system from the characteristics of ACMM and have obtained
the following theorem.

Theorem: The system described in (50) is controllable if
and only if (35) is satisfied. This theorem can be easily proven
using the Popov—Eleventh—Hautus Criterion [23].

The disturbance mainly includes the constant term,
the period term at a single frequency and high frequency
terms. According to the internal model principle, it is nec-
essary to model the disturbance for control. The compensator
(the yellow part shown in Fig. 3 is utilized to suppress the
influence of high frequency disturbances on the attitude angle
and to avoid the accumulation of CMGs angular momentum
caused by constant disturbances:

{J'ce =A.x,+ B.x 51)
u, = —Kyx.
where
xe=[f0 fli fla sz % f3 3],
K 0 0 0 0 0 0]
0 0 E 0 0 0 0
0 —wXE 0 0 0 0 0
A, =10 0 0 0 E 0 o,
0 0 0 -MeXE 0 0 0
0 0 0 0 0 0 E
o o0 o0 0 0 —MwlE 0|
and
0 Aw Ao
0 o0 0
0 Ay Ay
B,=|0 o0 0
0 E 0
0 o0 0
|0 E 0 |

A1 and XA, are coefficients of w,, which means disturbances
with frequencies w,, A1®,, and Arw, are suppressed by the
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controller. To ensure the system is controllable, A; and X\,
should meet the constraint A» > A; > 1. Based on the
analysis in section III, the pitch must contain bias, and the
moving mode of the row is chosen as a sinusoidal movement
at the orbital frequency to offset the torques that could cause
CMGs angular momentum accumulation in a steady state.
To achieve this effect, filter matrices are defined as follows:

[1 0 0] 0 0 0
Ap =0 0 0|, Aw=|0 1 0],
0 0 1] 0 0 0
[0 0 0] 1 0 0
Ap=|0 1 0] andAy={0 0 0
0 0 1] (0 0 0

The final state space equation is

' (A, o B, | B
. Tl P e+ | 2w
x(:‘ Be Ae xe 0 0
Tcz—[Kl Ke]|:xl:|
X,

This is a 30-dimensional state space equation. To facilitate
the solution of the feedback gain matrix, an improved linear
quadratic regulator with an eigenvalue placement algorithm
will be introduced in part C.

(52)

C. LINEAR QUADRATIC REGULATOR WITH
EIGENVALUE PLACEMENT

Consider the linear time-invariant controllable system
described by

x=Ax+Bu; x(0)=0 (53)

where x is the state vector, u is the input vector, and A and B
are constant matrices of appropriate dimensions. Let the
quadratic cost function for (53) be

J = f ” [xTQx n uTRu]dt (54)
0

where Q and R are non-negative and positive weight matri-
ces. The feedback controller that minimizes the cost func-
tion can be expressed as (55) by solving the matrix Riccati
equation (56):

u=—RB"Px 2 —Kx (55)
PBR'B'P —ATP—-PA—-Q=0 (56)

In order to avoid the selection of weight matrix Q and make
the system have better dynamic characteristics, we use the
pole placement algorithm introduced by Shieh et al. [24].
This technology can place the close-loop poles in a sector
region with a sector angle £+ /2k, k = 2, 3 from the negative
real axis in the s-plane the and left hand of the —A vertical
line (Fig. 4), where h > 0 represents the prescribed degree
of relative stability. This algorithm places closed-loop poles
within the open sector using numerical iteration.
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FIGURE 5. Shift region for pole placement.

The best dynamic property of the control system will be
obtained when the closed —loop poles are placed near /2,
but the largest region that can be considered is bounded
by lines of +m /4. To better achieve the dynamic property
of control system and increase the flexibility of the pole
placements, a shifted sector method is proposed in Fig. 5,
whereby the poles can be placed at any sector angle B
between 30° and 90°. The design steps are as follows.

Step 1) Given a linear system as in (53), assign & such that
—h is parallel with the imaginary axis, which would represent
the line beyond which the closed-loop pole will be placed
in the sector shown in Fig. 4. Assign the positive-definite
matrix R, and solve the equation

PoBR™'BTPy — Po(A + hE,) — (A + hE))TPo =0  (57)

Solve the symmetric positive semi-definite matrix Py.
The immediate closed-loop system matrix is Ay = A —
BR'BT Py, and hence all the poles are in the left-hand plane
beyond the —#h vertical line. Set i = 1.

Step 2) Assign an angle B for the sector, and hy = h
in Fig. 5. If B € (30°,45°) go to Step3); otherwise f €
(45°,90°) and proceed to Step7). Step 3) For assignment
angle 8, move the imaginary axis to the right:

h2 = ~/3h; tan B — hy (58)
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Obtain the new state matrix Ay = A; — Ehyp;
Step 4). Solve the equation

0,BR'B"Q; - 0:(4) —ADTQ; —0=0 (59
Obtain the symmetric positive semi-definite solution
matrix Q;. Check if 0.5t7(BR™'BTQ,) = 0 if so, proceed

to V, but otherwise continue.
Step 5) Solve the equation

PBR™'B"P, — P(A)—ATP—-Q; =0 (60)

Obtain solution P;; the immediate closed-loop system
matrix is therefore A = A; — yiBR_lBTP,-. Solve for the
coefficient y; from the inequality

ary? +biyf +eyi+di <0 61)

where a; = —tr[(BR™'BTP;)*], b; = 3t(BR™'BT P;)A;,
¢1 = —3t(BR™'BTP;)A?, and d; = 0.5t(BR'B” Q)).
Step 6) Seti = i 4 1 and proceed to Step4)
Step 7) For the assignment angle B, move the imaginary
axis to the right:

h2 = hytan B — hy (62)

Obtain the new state matrix A} = A — Ehy.
Step 8) Solve the equation
Q:BR™'B"Q; — 0,(-A}) -
Obtain the solution of the symmetric positive semi definite
matrix Q;. Check if 0.5z7(BR™'BTQ,) = 0. If so, proceed

to V, but otherwise continue.
Step 9) Solve the equation

PBR'B'P,—PA; —ATP -0, =0 (64)

(—ADTQ, —0=0 (63)

Obtain the solution P;; the immediate closed-loop system
matrix is therefore A = A; — y,-BR_lBTPi. Solve for the

coefficient y;:
by + \/(b% + axep
}

a

where ay = —tr[(BR™'BTP;)?], by = tr(BR™'BTP)A;, and
¢ =0.5tr(BR™'B” Q).

Step 10) Set i = i 4 1 and proceed to Step8).

Step 11) The algorithm is completed, all of the closed-loop
system poles are in the specified region of Fig. 5, and the
optimal feedback is

K =BR'B"(Py+ yiPy +--- +yP)) (66)

vi = max{0.5, (65)

Finally, the optimal regulator can be given as u = —Kx.

NOTE 2: This pole placement technology, which is utilized
to compute CAMF and the attitude manoeuvre controller,
has an advantage over the traditional LQR algorithm; the
feedback matrices can be obtained by setting the performance
indexes without choosing a weight matrix Q, which is effi-
cient and easy for high-dimension space state equations. The
gain matrix designed by this algorithm is more convenient
than the reference [15].
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V. NUMERICAL EXAMPLE

The multistage attitude control strategy proposed in this paper
was verified through mathematical simulation. To obtain
accurate gravitational gradients and aerodynamic moments,
we established the orbital model. The orbital elements
included the semimajor axis (ay), eccentricity (e), right ascen-
sion of the ascending node (£2), orbital inclination (/), argu-
ment of perigee (w), and true anomaly (6(¢p)), the values of
which are shown in table 1. The atmospheric density p in
(7) is influenced by many factors, including seasonal effects,
solar activity, the day/night cycle, orbital geometry and the
earth’s magnetic activity. We utilized NRLMSISE-00 [25]
to obtain real-time atmospheric densities. Fig. 6 shows the
structure of the space station. We can therefore calculate the
aerodynamic torques according to (7), which is more accurate
than other algorithms.

TABLE 1. Orbital elements.

a, e Q 1 [2] g(to)

6779.1Km 0.0001  90° 40° 45° 0°

FIGURE 6. S Space station structure.

Considering that there is not a singularity problem arising
from the variable speed control moment gyros (VSCMGs),
two clusters of VSCMGs in a pyramid configuration were uti-
lized as the control actuators [26], and each of the VSCMGs
had a nominal angular momentum of 2000 N.ms. In this
case, we assumed that a cargo spaceship docks with the core
module in the radial direction (Fig. 6). The following inertia
matrix was specified for the space station:

55.94  —0.2201 0.1854
I"=|-02201 6427  0.3125 | x 10° kg.m?.
0.1854 03125  107.6

For the TEA tracking, the feedback matrix K, in (49) was
chosen by the LQR with the eigenvalue placement algorithm.
The related performance indexes were assigned as R = E,
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h = 0.01, and B = 60°. An interesting phenomenon is that
all of the system poles were configured to —0.02. The initial
attitude was § = [ 0.4° 0.5° —0.3° ]T, and the initial angular

velocity was chosen as @, = [O 0 O]T rad/s. Using curve
fitting, we isolated the constant and cyclic components at the
orbital rate of the disturbance and expressed the components
in the orbital frame as

—0.017
T) =\ —0.97
0.012
—0.036 sin(wy,t) + 0.049 cos(w,t)
+ 0.086 sin(wyt + 37 /4) (N.m).
—0.15 sin(w,t) + 0.095 cos(wyt)
(67)
We set the adjusting time as #;; = f;3 = 500s. Four

orbital periods were utilized to unload the VSCMGs angular
momentum. According to the dynamic characteristics of TEA
tracking, the coefficient in (37) was ©; = 0.07156. Hence the
coefficients in (36) could be obtained easily. Similarly, we set
o ~ 17/6 in (30) according to (66), and the k, in (40) was
estimated as kx = 0.00912; the coefficients of attitude path
of roll angle in (38) could therefore also be obtained.

It is easily shown that the inertia matrix meets the con-
straint condition in (35), which means the CAMF system is
controllable. The parameters in (52) are shown in table 2.
The CAMF controller gain was computed using the linear
quadratic regulator with the eigenvalue placement algorithm.
To obtain good dynamic performance, the pole placement
related parameters were assigned to R = E3, h = 0.4w,, and
B = 60°. All of the closed-loop poles were placed to the left
of the line at 0.4w, and within a sector angle of 60° (Fig. 7).
Hence the system possessed proper transient response and
robustness properties.

10 T T
= closed-loop pole
E + open-loop pole
3 st given angle
~ +
.8 +
5
< A
0 B ++ -
= BE:
8 +
"B +
<
E 5 |
10 1 1 1
8 £ 4 2 0 2
Real Axis (‘@)

FIGURE 7. System poles of CAMF.

The numerical results are presented in Fig. 8 to Fig. 13.
This simulation can be divided into three parts: attitude
stabilization, TEA tracking and CAMF. Attitude stabilization
lasted for approximately two orbital periods (185 minutes)
for rendezvous and docking (Fig. 8). Before the attitude con-
trol strategy switched from attitude stabilization to CAMEF,
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TABLE 2. CAMF parameters.

l t L A =
0.043 1.1 0.21 2 3.5
5 r r r r r
TEA tracking — roll
4 A |77 piteh |
5t i lcamE yaw] |
_ [ — I
__ i
3 2 i *
E /
1 hann L ehedoad
0 : :.-'-,' oA MmN Al
\VAVAAVAV/AYy
|\ Attitude | A Al | . |
stabilization
B ] I ] | |
0 2 4 6 8 10 12 14
Time(orbits)

FIGURE 8. Space station attitude.
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FIGURE 9. VSCMGs angular momentum.

the VSCMGs should be unloaded because a large amount
of momentum would accumulate in the attitude stabilization
mode (Fig. 9). Otherwise, the model error between the real
system and the linearized system would be amplified, which
would cause the system to become unstable and shake.

The VSCMGs momentum was unloaded in four orbit peri-
ods before the space station flew in CAMF mode over the
next eight orbital periods (Fig. 8 and Fig. 9). The attitude-
related gravity term and the aerodynamic torques (Fig. 10 and
Fig. 12,) were utilized to unload the VSCMGs momentum
(Fig. 9) and offset the disturbance at the same time during the
attitude manoeuvre. The VSCMGs momentum was within
+500N .m.s at the shift point (Fig. 9). The attitude control
switched from the TEA tracking mode to the CAMF mode
smoothly over six orbital periods (Fig. 8).

During the CAMF stage, the pitch angle was approxi-
mately 3.3°, the roll angle underwent sinusoidal motion at
the orbital frequency, and the yaw angle remained at zero
(Fig. 8), which means the perturbation on the yaw axis was
absorbed by the rolling axis movement. By combining Fig. 9,
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FIGURE 10. Gravity gradient torque.
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FIGURE 11. Angular momentum accumulation caused by gravity gradient
torques.
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FIGURE 12. Aerodynamic torques.

Fig. 11 and Fig. 13, it can be seen that the accumulation
of angular momentum caused by the constant disturbance
was perfectly absorbed by the gravity gradient and aero-
dynamic torques through the attitude manoeuvre. Although
the disturbances with frequencies w,, 2w,, and 3.5w, were
suppressed by the controller, the high-order attitude pertur-
bation remained (Fig. 8) because it was difficult to estimate
the high-order disturbance (Fig. 12). However, the controller
that accounted for the disturbance suppression performed

VOLUME 6, 2018



Q. Dang, L. Jin: Multistage Angular Momentum Management for Space Station Attitude Control

IEEE Access

Momentum (N.m.s)
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FIGURE 13. Angular momentum accumulation caused by aerodynamic
torques.

better than its counterpart that did not account for disturbance
suppression.

VI. CONCLUSIONS

A multistage attitude control algorithm for space stations
using VSCMGs was proposed in this paper. To ensure that the
VSCMGs angular momentum is unloaded before the control
mode is switched from attitude stabilization to CAMEF, a TEA
tracking controller was designed. TEA tracking, which is
realized using an attitude manoeuvre, is an open-loop control
strategy, which means that its control effect depends on the
system model. Obviously, it is difficult to obtain an accurate
system model, and as a consequence, the VSCMGs angular
momentum cannot be unloaded to zero at the end of the atti-
tude manoeuvre. Fortunately, holding the VSCMGs angular
momentum over a small range is sufficient to avoid the shock-
ing of attitude at the initial moment, and the method still has
significant practical value. Based on a three-axis coupled lin-
earized model, a CAMF controller based on the LQR method
and the internal model principle was proposed to achieve
ACMM. Because of the disturbance model introduced in the
system, the influences of environmental torques on attitude
are well suppressed. The pole placement algorithm yields a
good solution to the problem of choosing the proper weight
matrix, especially for multidimensional matrices. In this case,
no jet propulsion is needed during the entire process.
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